Aims: Ischemic heart disease is a leading worldwide cause of death. The Seattle Post Myocardial Infarction Model (SPIM) was developed to predict survival 6 months to 2 years after an acute myocardial infarction with evidence of left ventricular dysfunction. Methods and Results: A total of 6632 subjects from the EPHESUS trial were used to derive the predictive model, while 5477 subjects from the OPTIMAAL trial were used to validate the model. Cox proportional hazards modeling was used to develop a multivariate risk score predictive of all-cause mortality. The SPIM risk score integrated lab and vital parameters, Killip class, reperfusion or revascularization, the number of cardiac evidence-based medicines (aspirin, statin, β blocker, ACEI/ARB, aldosterone blocker), and the number of cardiac risk factors. The model was predictive of allcause mortality after myocardial infarction, with an AUC of 0.75 at 6 months and 0.75 at 2 years in the derivation cohort and 0.77 and 0.78 for the same time points in the validation cohort. Model predicted versus Kaplan-Meier observed survival was excellent in the derivation cohort. It remained so in the validation cohort-84.9% versus 85.0% at 2 years. The 10% of subjects with the highest predicted risk had approximately 25 times higher mortality at 2 years than the 10% of subjects with the lowest predicted risk. Conclusion: The SPIM score was a powerful predictor of outcomes after myocardial infarction with left ventricular dysfunction. Its highly accurate predictions should improve patient and physician understanding of survival and may prove a useful tool in post-infarct risk stratification.
Introduction
In-hospital and 30-day mortality after an acute myocardial infarction decreased by approximately 25% between the 1990s and 2000s, 1,2 with especially large reductions noted in several European registries of patients with ST segment elevation myocardial infarction (STEMI). 3, 4 A significant portion of these gains can be attributed to appropriate selection for and application of reperfusion therapy and evidence based medicines. 5 Although many scores have been developed to assist in short-term risk stratification in the immediate aftermath of an acute coronary syndrome, [6] [7] [8] [9] coronary heart disease (CHD) remains a major cause of mortality after the acute period of stabilization. Approximately 20% of patients experiencing an acute myocardial infarction die within 1 year with over half the first-year mortality occurring greater than 30 days after presentation. [10] [11] [12] Less attention has been paid to longer-term stratification and prediction of outcomes after an acute myocardial infarction.
The PREDICT score estimated survival up to 6 years after a myocardial infarction, but was derived and validated in a patient cohort that preceded the development of many modern interventions for CHD. 13 Longer-term survival predictions based on risk scores developed for prediction of shorter-term outcomes have been notable for significant errors in longer term accuracy. Extending risk predictions from the PURSUIT score for 1-year outcomes showed its predicted rates of mortality to be less than half of observed mortality, 14 while application of the TIMI risk index to predict 1 and 3 year outcomes showed progressive attenuation in discriminative ability for longer-term event prediction. 15 An attempt to extend the angiography-derived SYNTAX score with the clinically derived ACEF score showed low calibration in predicting long-term outcomes after percutaneous coronary intervention (PCI). 16 The Grace discharge score was developed for prediction of 6-month survival after discharge from hospital, 17 but has had considerably less validation and follow-up work than the GRACE inhospital mortality model. Assessment of longer-term survival after stabilization for an acute myocardial infarction has received much less attention than immediate risk stratification. We developed the Seattle Post Myocardial Infarction Model (SPIM) to provide a well-calibrated and highly discriminative tool that could accurately predict survival 6 months, 1 year, and 2 years after a myocardial infarction in patients with evidence of left ventricular dysfunction.
Methods

Patient population and individual variables
EPHESUS (the Eplerenone Post-Acute Myocardial Infarction Heart Failure Efficacy and Survival Study) was a clinical trial of eplerenone versus placebo in 6632 patients. 18 Subjects were enrolled up to 14 days (average of 7 days) after an index myocardial infarction. This was defined as abnormal cardiac enzymes or an evolving electrocardiogram consistent with myocardial infarction, associated with evidence of left ventricular dysfunction. 19 OPTIMAAL (Optimal Trial in Myocardial Infarction with the Angiotensin II Antagonist Losartan) was a clinical trial of 5477 patients randomized to Losartan or Captopril. 20 Subjects with a sign or symptom of heart failure or a history of new or established q waves in an anterior distribution on an electrocardiogram (EKG) were enrolled up to 10 days (median of 3 days) following a myocardial infarction--defined as two or more of the following symptoms: typical chest pain for >20 minutes, positive cardiac enzymes, or a diagnostic EKG. 21 EPHESUS and OPTIMAAL included the spectrum of acute myocardial infarction -both STEMI and Non ST segment elevation myocardial infarction (NSTEMI).
Fifty two candidate variables were considered for inclusion in the predictive model. Potential variables included basic clinical features (age, region of the participant, race, gender, alcohol and tobacco use), features of the presenting myocardial infarction (new q waves, left bundle branch block, ST segment elevation or depression >0.5 mm, extent of elevation of cardiac enzymes, typical chest pain, presence of a third heart sound, evidence of pulmonary congestion, Killip class), laboratory features (alanine transaminase (ALT), aspartate transaminase (AST), total cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL), triglycerides, blood urea nitrogen (BUN), creatinine, fasting glucose, white blood cell count, hemoglobin, potassium, sodium, uric acid), vital signs (systolic blood pressure (SBP), diastolic blood pressure (DBP), pulse, height, weight), reperfusion or revascularization therapy and the ejection fraction during the index hospitalization, presence of pre-existing comorbidities (diabetes, chronic obstructive pulmonary disease, hypertension, heart failure, cardiovascular disease (prior myocardial infarction, peripheral vascular disease, or cerebrovascular accident, (CVA))), and the medications the patient was on at the time of enrollment (aspirin, beta-blockers, digoxin, diuretics, calcium channel blockers, anti-arrhythmics, statin, angiotensin converting enzyme inhibitor (ACEI)/angiotensin II receptor blocker (ARB) and aldosterone blockers). Laboratory values were collected at enrollment in the study, with the exception of cardiac enzyme elevation, which was the peak observed elevation. Several derived variables, such as body mass index and glomerular filtration estimated by the Cockroft-Gault and Modification of diet in renal disease (MDRD) equations, were also considered.
Statistical analysis
SPSS 19 (Chicago, IL, USA) and Stata 11.2 (College Station, TX, USA) were used for all statistical analyses. Variables were initially evaluated for univariate associations with mortality. Continuous variables were evaluated graphically with Kaplan-Meier observed survival plotted against the medians of 10 equally populated strata of laboratory value. In the case of variables where 10 divisions was not sufficient to determine if there might be an upper or lower limit of association with risk or linearity of hazard was not clear, up to 40 equally populated strata were created.
EPHESUS was used as the derivation cohort for the model, which was then prospectively validated with no changes to the baseline survival function or the beta coefficients in the OPTIMAAL cohort. Cox proportional hazards modeling with forward conditional entry was used to generate the model. A p<0.005 was used as the cut-point for entry and 0.01 for removal from the Cox model. Variables and transformations included in the final model were selected to achieve high predictive power while also being routinely obtained for patients during hospitalization for acute coronary syndrome. For patients with missing values for individual variables, the cohort median was assigned. Ninety one percent of the patients in EPHESUS and 90% of the patients in OPTIMAAL had complete data for all values that entered the final model, with 99.7% of the EPHESUS patients and 97% of the OPTIMAAL patients missing no more than two values. The SPIM score was calculated by summing the products of each individual variable entering the final model multiplied by the beta coefficient for that variable. Predicted survival for a particular patient at a time point, t, was calculated using the following equation:
The term BaselineSurvival(t) (baseline survival function for a patient with a SPIM score of 0 at time point t) was determined in SPSS at 6 months, 1 year, and 2 years in the derivation cohort and then used to calculate predicted survival for each individual patient.
Survival curves were compared using the log-rank test. Assessment of the discrimination of the model was done via calculation of the area under the receiver-operator characteristic curve (AUC) at multiple time points. Comparison of AUCs was made using the method suggested by Hanley and McNeil. 22 The accuracy of the model was assessed using the Hosmer-Lemeshow goodness of fit test 23 and calculation of correlation coefficients between predicted and observed survival by deciles of risk score.
Results
Comparison of the derivation and validation cohorts
Full details of the patient populations of OPTIMAAL and EPHESUS have been published. 18, 20 A selected summary of the cohorts included in each trial is listed in Table 1 . The EPHESUS population was younger than the OPTIMAAL population, but had a greater comorbidity burden and lower rate of receiving reperfusion therapy. The EPHESUS population was a worldwide cohort, while all the patients in OPTIMAAL were from Western Europe. Age, creatinine, reperfusion or revascularization, and the number of cardiac evidence-based medicines at trial enrollment appeared to be especially powerful univariate predictors of survival.
One-year Kaplan-Meier observed mortality by deciles of several predictors included in the final model, along with smoothed univariate hazard functions, are plotted in Figure 1 .
Derivation of the model
Predictors of survival included in the risk score, expressed as both univariate and multivariate contributors, are listed in Table 2 . Several predictors, including ejection fraction (EF), liver function, and uric acid, would have entered the model, but were excluded as they were not universally collected and recorded as part of a hospitalization for myocardial infarction. Uric acid would have been the most powerful single laboratory variable if allowed to enter the model. Digoxin, calcium channel blockers, and anti-arrhythmic medicines were associated with increased mortality, but were excluded from the final model due to lack of documentation on comorbidities (for example, atrial fibrillation or ventricular tachycardia) that may have been the actual mediators of increased risk. The improvement in AUC for a model including all six of these predictors was modest (<0.01 in the derivation cohort when compared to the final SPIM model). An adjusted risk score adding EF and uric acid to the existing variables is available with the online calculator for the SPIM risk score and is attached in a data supplement, but is not used further in this analysis.
The baseline survival for a SPIM score of 0 (median score of the EPHESUS cohort) was 93.4% at 6 months, 90.3% at 1 year, and 85.0% at 2 years. Age was a powerful risk factor with a 43% increase in risk for each decade. Laboratory values entering the final model included sodium, hemoglobin, creatinine, and white blood cell count, with levels closer to the normal range associated with reduced risk. SBP was transformed as a polynomial with a nadir of risk at 160 mm Hg. An elevated resting heart rate was associated with a 19% increased risk for each 10 bpm above 60. Killip class was a powerful predictor with a 
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Creatinine (mg/dL) 28% increase for each increase in class. The number of evidence-based medicines was entered into the model as an integer from 0 to 5 for a number of medicines in the aspirin, beta-blocker, statin, ACEI/ARB, and aldosterone blocker classes, with 15% lower mortality for each additional medication (Figure 2(a) ). The presence of three pre-existing comorbidities (heart failure, cardiovascular disease, and diabetes mellitus) contributed to the model, as did active tobacco use-with a 38% increase in risk for each additional risk factor (Figure 2(b) ). The occurrence of reperfusion therapy (coronary artery bypass graft, percutaneous coronary intervention, or thrombolytics) during therapy for the index infarction was associated with a 43% lower mortality. Subjects from Latin America, including Mexico, had significantly increased mortality (71% higher) compared to those from other regions (Eastern Europe, Western Europe, North America, Oceania, East Asia, and South Africa). A web-based application was created to allow easy determination of the risk score. The calculator is available at http://www.seattleinfarctionmodel.com and shows both graphical and text depiction of survival at time points between 6 months and 3 years.
Testing the model
The model performed well in both the derivation and validation cohorts. Figure 3 depicts Kaplan-Meier curves of mortality for each decile of SPIM risk score. Predicted survival versus observed survival for the derivation cohort was 91.1% versus 91.2% at 6 months, 87.3% versus 87.3% at 1 year, and 81.2% versus 81.1% at 2 years. For the validation cohort, predicted versus observed survival was 93.0% versus 91.7% at 6 months, 89.9% versus 88.7% at 1 year, and 84.9% versus 85.0% at 2 years. Figure 4 depicts predicted versus observed survival for deciles of SPIM risk score at 1 year and 2 years in the derivation and up to 3 years in the validation cohort. The correlation coefficients between predicted and observed survival were very high in both derivation (r 2 =0.979, p<0.0001, SEM ±2%) and validation (r 2 =0.973, p<0.0001, SEM ±2%) cohorts. The Hosmer-Lemeshow goodness of fit statistic confirmed model accuracy in the derivation (p=0.84) and the validation cohorts (p=0.58) at 1 year.
The AUC for the derivation cohort was 0.748 (0.728-0.768) at 6 months, 0.742 (0.724-0.760) at 1 year, and 0.748 (0.725-0.772) at 2 years. For the validation cohort, the AUC was 0.769 (0.747-0.791) at 6 months, 0.774 (0.754-0.794) at 1 year, and 0.778 (0.760-0.796) at 2 years.
Discussion
Components of the SPIM and comparison to previous work
Risk stratification has historically focused on simplicity. Many models have been developed with the explicit goal of being calculated by hand at the bedside. Computers and portable computing devices have become ubiquitous in medical settings. As such, an information age model does not need to compromise its prognostic power by using an overly small dataset of variables or simplifying its calculation by bucketing included parameters into a small number of arbitrary ranges. The length of time required to input into a computer a reasonable number of laboratory and clinical variables, which the computer can then convert to a survival prediction, is comparable to the time it takes to look up a set of laboratory and clinical markers on a piece of paper, manually compute a point score, and reference a nomogram for an actual survival prediction.
The most accurate prediction of survival after an acute myocardial infarction can be achieved with attention to the multiple organ systems and comorbidities that interact with heart disease to affect outcomes. The range of variables included in the SPIM has shown significant prognostic value in previous studies. Age was the dominant predictor of survival in equations developed from the Framingham study of cardiovascular disease risk in the general population; the addition of all the other variables to age and gender increased the AUC by 0.05. 24, 25 Age was the most powerful single predictor of outcomes in the SPIM, though it accounted for less of the overall predictive power of the multivariate model (approximately 20% based on Wald chi-squared contribution) with the 2-year AUC increasing from 0.64 with age only to 0.75 for the complete SPIM score. Gender was not a multivariate predictor (p=0.48, Wald chi-squared=0.5).
The number of cardiac risk factors was the second-most powerful predictor of mortality in the SPIM. Ischemic risk factors, including diabetes, pre-existing ischemic disease, and smoking, have been shown to have a powerful adverse effect on mortality. [26] [27] [28] The presence or emergence of advanced heart failure is a stronger predictor of adverse outcome than almost any other, even advanced age, 29, 30 and its role is captured through several variables in the model: its presence as an included risk factor if present prior to the myocardial infarction and its severity as measured by the Killip class at trial entry. Residence in Latin American was associated with an even greater hazard ratio than with presence of one of these cardiac risk factors, a trend that has been noted to varying extents in other international studies. [31] [32] [33] [34] Several laboratory and basic clinical markers entered the model. Renal disease has been proven to be an important contributor to the development of CHD, 35 with a single measurement of renal function shown to predict increased mortality for at least 10 years after an acute myocardial infarction. 36 Elevated creatinine proved to be the single greatest laboratory contributor to survival predictions in the final model. Elevated white blood cell count (WBC) and low hemoglobin are associated with inflammation and increased risk, 37, 38 which is greatest early after infarction and decreases over time. Hyponatremia is associated with inflammation and deleterious activation of several neuroendocrine pathways, including the renin-angiotensinaldosterone system, vasopressin release, and the sympathetic nervous system. 39 The association between elevated resting heart rate and increased short-term adverse events 40 appears to persist in prediction of longer-term adverse outcomes, with a recent study showing a 24% increase in annual mortality for each five beat per minute increase seen 4 years after myocardial infarction. 41 
Risk modeling and therapeutics
The SPIM provides highly accurate predictions of intermediate-term survival after myocardial infarction and is very effective in risk stratification; the 10% of subjects with the highest predicted risk had approximately 25 times higher mortality at 2 years than the 10% of subjects with the lowest predicted risk. SPIM is different from most previous models in its focus on assessment of survival after the initial treatment for an acute presentation with an acute coronary syndrome. Given the important changes in survival that occur with therapeutics administered during the presenting hospitalization, it is limiting to predict long-term survival without including information about management during the hospitalization for the acute infarction. Reperfusion therapy, in particular, has a powerful effect on survival in appropriately selected patients after myocardial infarction with the mortality benefit persisting for up to 20 years. [42] [43] [44] Several classes of cardiac medicines have consistently been shown in randomized trials to improve outcomes after acute myocardial infarction and are guideline-recommended for most patients presenting with an acute myocardial infarction. 45 It is notable that a significant proportion of patients being discharged from the hospital after myocardial infarction are not on an optimal medical regimen. 46 Part of the reason for lower than optimal rates of compliance with guidelines is likely due to errors in physician classification of risk. 47 Evidence-based cardiac medicines demonstrated a powerful survival effect in the SPIM-a patient on four evidence-based cardiac medicines has an annual mortality 48% lower than a patient on no evidence-based cardiac medicines. By including the effects of evidence-based cardiac medicines, the SPIM may be able to provide a more concrete numerical understanding of how survival can be altered with the addition of a full regimen of cardiac medicines, promote increased adherence to guidelines, and potentially improve calibration in validation cohorts.
Limitations
The SPIM was developed and validated in two clinical trial populations and will need to be validated in a more generalized community population. Benefits of evidence-based medicines were not calculated individually and were not adjusted for the medication dose. The benefit of being on a medicine was calculated based on whether the medicine was or was not prescribed at enrollment. However, the benefit of being started on an evidence based medicine de novo may be greater than the effect calculated by the model given that improvement in laboratory or clinical properties, such as heart rate in the case of beta blockers, may have already occurred (and medication hazard ratios muted). Being derived in a clinical trial population, it is alternately possible that the dosing of medicines was titrated higher and consistency of patients taking medicines was greater than would be achieved in a real-world cohort and that the survival benefit of medicines in a real-world cohort may not be as great as that calculated by the model. It is unknown if the model will provide accurate estimates in patients without left ventricular dysfunction by signs, symptoms, or measured EF (i.e. inferior myocardial infarction with EF of 55%). The validation cohort, did, however, include a generous definition of left ventricular dysfunction.
Conclusion
The SPIM score was designed to be a powerful predictor of survival after an acute presentation with a myocardial infarction with evidence of left ventricular dysfunction. Its highly accurate predictions and powerful discrimination should improve patient and physician understanding of survival after myocardial infarction and may prove a useful tool in risk stratification in patients with CHD.
